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Highlights
e Challenges against CFD modeling of airborne pathogen droplets are identified
e Technical details of CFD modeling of many recent studies are summarized
e Consideration of particle dynamic phenomena in CFD models is discussed
e Experimental approaches to validate and set-up CFD models are explained

e Uncertainties in the clinical data used in CFD models are addressed in detail
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Abstract

Pathogen droplets released from respiratory events are the primary means of dispersion and transmission
of the recent pandemic of COVID-19. Computational fluid dynamics (CFD) has been widely employed
as a fast, reliable, and inexpensive technique to support decision-making and envisage mitigatory
protocols. Nonetheless, the airborne pathogen droplet CFD modeling encounters its limitations in the

oversimplification of involved physics and the intensive computational demand. Moreover, uncertainties

in the collected clinical data required to simulate airborne and aerosol transport such as droplets’ initial

velocities, tempo-spatial profiles, release angle, and size distributions are broadly reported in the

literature. Furthermore, there is a noticeable inconsistency around these collected data amongst many
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reported studies. Hence, this study aims to review the capabilities and limitations associated with CFD
modeling. Setting the CFD models needs experimental data of respiratory flows such as velocity,
particle size, and number distribution. Hence, we will also briefly review the experimental techniques
used to measure the characteristics of airborne pathogen droplet transmissions together with their
limitations and reported uncertainties. Moreover, the relevant clinical data related to pathogen
transmission needed for postprocessing of CFD data and translating them to safety measures will also be
reviewed. Eventually, we scrutinize the uncertainty and inconsistency of the existing clinical data
available for airborne pathogen CFD analysis to pave a pathway toward future studies ensuing these
identified gaps and limitations.

Keywords: airborne pathogen; aerosol; respiratory events; CFD; buildings; droplet release; COVID19
[Word Count: 9,000]

Nomenclature

Parameter unit Explanation

C Concentration

D Diffusion coefficient

Cp J/kg.K Specific heat capacity

Kin W/m.°C | Thermal conductivity

k m?/s’ Turbulent kinetic energy

m kg/s Mass flow rate (mass flux)

V m/s Velocity

L Latent heat

P Pa Pressure

R Universal gas constant,

T °C Temperature

t S Time

M gr/mole Molecular weight

X Equilibrium mole fraction of water vapor at the droplet surface

Re Reynolds number

Sh Sherwood number

Nu Nusselt number

Sc Schmidt number

y* Non-dimensional distance (based on local cell fluid velocity)
from the wall to the first mesh node.

Greek symbols

U Pa.s Viscosity

P) kg/m® Density

e m’/s’ Dissipation rate of turbulent kinetic energy

) m’/s’ The specific rate of dissipation of turbulence Kinetic energy

Subscripts

a air

p particle

f fluid
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in inlet

\ (water) vapor

o free stream, or fluid property at infinity

mix mixture

S surface

Abbreviations

CFD Computational Fluid Dynamics

CFL Courant—Friedrichs—Lewy

RANS Reynolds-averaged Navier—Stokes

LES Large Eddy Simulation

MV Mixing Ventilation

DV Displacement Ventilation

UFAD Under-floor Air Distribution

DNS Direct Numerical Simulation

STP Standard Temperature and Pressure (T=273.15 K and P=100
kPa)

HVAC Heating, ventilation and air condition

WHO World Health Organization

COVID Corona Virus Disease

SARS Severe Acute Respiratory Syndrome

PVT Peak Velocity Time

CPRF Cough Peak Flow Rate

PDA Phase Doppler Anemometry

HSI High Speed Imaging

LDA Laser Doppler Anemometer

PTV Particle Tracking Velocimetry

PIV Particle Image Velocimetry
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1. Introduction

A few months after the start of the outbreak of the new epidemic virus in December 2019 in China,
the world observed an extraordinary fast-growing highly contagious pandemic disease, known as
COVID-19 or SARS-COV-2, which still is devastating the economics of many countries and taking
many lives globally. Furthermore, arising shocks in demand and supply chains caused sustainability and
management global challenges. Examples are a significant change in plastic [1] and waste management
[2] or alteration in occupancy and energy demand of the building sectors [3]. This imposed a detour of
many engineering disciplines, besides medicine, epidemiology, and microbiology, to redirect their
attempts toward proposing feasible remedies to mitigate the spread of this highly contagious disease. In
this respect, one of the key areas is aerosol science, as COVID19 was recognized to be highly
transmitted via airborne droplets released from infected bio-sources [4]. In response to the development
of reliable guidelines, responsible organizations such as the world health organization (WHO) have been
encountered significant uncertainties in the required fundamental knowledge to be able to accurately
determine how far the virus-laden airborne droplets may travel.

Although heavy released respiratory droplets deposit within less than 1-2 meters, micron-size
droplets travel more up to a few meters or. even become suspended for a considerably longer time,
depending on the thermal effect of the bio-source, ambient humidity, and temperature, and background
velocity [5,6]. Measurement techniques and experimental studies have been employed in the past
decades to quantify the travel distance of deposited and airborne virus-laden particles. However, these
techniques demand complex and expensive setups to observe droplets. Yet, all range of particles might
not be covered due to the limitation of devices in terms of accuracy and functionality [7,8]. Besides, a
major limitation has always been identified in the measurement studies in maintaining a consistent
environmental condition caused by background velocity on the droplet release rate from bio-sources. In
response to such limitations, computational fluid dynamics (CFD) has emerged as an in-hand, reliable,
and cheap tool to study airborne pathogens released from bio-sources. High-fidelity CFD models can
simulate and trace thousands of generated airborne droplets from mild to severe respiratory events,
which are evaporating, colliding, or separating through their path as they may linger within indoor
environments. Despite the cheaper and faster advantage of implementing high-fidelity CFD models,
these models encounter three significant limitations, including (1) computational costs, (2) uncertainty
in the collected clinical data needed for setting CFD models, (3) and oversimplification of the

underlying physics.
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In terms of computational cost, the nature of a transient 3D motion of two-phase turbulent flow requires
fine meshes (a cluster of control volumes) while simulations should be conducted with short time-steps
to capture high gradients and small-scale phenomena including particle breakup, collision, and
evaporation. Taking all these details into account requires an extremely high number of cells causing
slow simulation speed. In other words, a well-organized CFD model is highly time-consuming and
computationally expensive, which can consequently demand enormous computational resources such as
supercomputers and clusters.

Moreover, airborne pathogen droplet CFD models demand a series of complex clinical datasets as
inputs, which were solely gathered in this respect before the current pandemic. Most of the clinical data
were measured experimentally. However, as reviewed in section ‘6, the available clinical data are
inconsistent in terms of variations and level of uncertainties. This diversity and uncertainties may be due
to the instrumentation uncertainties and limitations, inevitable human errors, and neglecting the effect of
important parameters, which are also discussed in this paper:

Regarding oversimplification of the underlying physics, many fundamental understandings such as
Brownian and turbulent motions are yet weakly represented in the available models. Each turbulent
model is tailored for a branch of applications and has several tuning parameters that have to be set
properly [9]. However, such models are yet to be improved and calibrated for applying submicron
airborne pathogen droplet CFD modeling. The discussed limitations may influence the advantage of
CFD models and devaluate their results. Hence, understanding the weaknesses and strengths of the
currently available clinical data for being used as an initial and boundary conditions in CFD simulations
and avoiding the development of oversimplified models is essential.

In this respect, this study paves the path for future numerical studies by providing comprehensive data
required for CFD modeling of airborne and aerosol transmission from respiratory events. The limitation
related to the computational cost is not discussed in this study as the available technical data was not
found to be sufficient to help to draw solid conclusions. Related to two other limitations, more than 130
related peer-reviewed scientific papers were addressed to present the most agreed data in the
corresponding scientific communities. As the first step, this manuscript intends to provide an overview
of the definition of common jargons related to the transmission and dispersion of airborne pathogen
droplets from respiratory events, which are frequently used in literature as presented in Section 2. In
Section 3, this paper scrutinizes the related abilities of airborne pathogen droplet CFD modeling (see
Fig. 1) in enclosed spaces (i.e., hospitals, public transportations, schools, offices, and residential
buildings). It further addresses the CFD modeling of airborne pathogen and related settings for
numerical simulation as presented in Section 4. Experimental approaches, which are essential for both
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validation and supplying input data for CFD models, are described in Section 5, while the associated
drawbacks are discussed. Eventually, the clinically reported input datasets, focusing on their strengths
and weaknesses, are presented in Section 6.

CFD Modeling of
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Fig. 1: The schematic of the capabilities and limitations of airborne and aerosol pathogen CFD

iy

modeling.

2. Terminologies

The complex nature of COVID-19 transmission and the catastrophic consequences of its pandemic
require scientists from various disciplines such as fluid dynamics, aerosol physics, behavioral
psychology, epidemiology, virology, public health, and public policy to work together while their
technical terminology may not essentially concord. The contradiction exists in definitions of some
interdisciplinary terms such as airborne and aerosol in publications of different fields, which can cause
misunderstandings or even disconnections between research findings of various fields. Hence, in this
section, some of the main terms used in this paper are defined. Nonetheless, the given terminologies are
more in line with those used by the fluid dynamics research community.
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e Large droplets refer to respiratory droplets with the size of 50um or larger, which mostly follow
the ballistic trajectory and, hence, settle down on surfaces at a distance from the bio-source.

e Small droplets refer to droplets smaller than 50 pum, which undergo fast evaporation and convert
to aerosol.

e Airborne describes particles of any size and can be infectious particles, pathogen-containing,
small droplets, and particles suspended in the air over a long time and carried over by air mainly
as suspended particles [10].

e Aerosol refers to particles with tiny size lingering with the background flow. They can be a
suspension of fast-drying liquid droplets, droplet nuclei, or particles in the air [5]. They can
contain infectious pathogens, mucus, water, salt, etc.

e Background flow refers to the flow field, encompassing the jet generated by a bio-source mainly
disturbed by ventilation, environmental temperature and relative humidity, and movement of
bio-sources.

e Respiratory events include breathing, speaking, singing, coughing, and sneezing.

¢ Reynolds number definition may vary based on a situation and application, e.g., for an internal

PfVinDp

flow. It can be defined as Re = . where Dy, and V;,, are the hydraulic diameter and

average fluid velocity at the inlet section, respectively, while for calculations of the drag force in
Ppr,rele

a continuum media and over a particle, it can be defined as Re = .
f

, Where Dy, and V), ;¢

are the particles’ diameter and relative velocity, respectively.

e Stokes number (St= uyt,/ly) indicates the ratio of the characteristic time of a particle
(or droplet) to a characteristic time of the flow or of an obstacle. Here, u, is the fluid velocity of
the flow well away from the particle, t, is the time constant in the exponential decay of the
particle velocity due to drag (the relaxation time of the particle), and [, is the characteristic
dimension of the particle (typically its diameter).

3. Airborne Pathogen CFD Modeling in Enclosed Spaces

As a part of a sustainable solution and achieving resilience against a hostile guest, the major core of our
infrastructures, such as hospitals, public transportation, schools, offices, and residential buildings, have
to be reinforced by a suitable design. In addition to health-related benefits, the infection spread as a
major global issue imposes undesirable social and economic costs through absenteeism, lost
productivity, costs of medical treatment, and a high rate of mortality [11]. By simulating a global
economic model though G-cubed model which is a hybrid of dynamic stochastic general equilibrium
models and computable general equilibrium models, it is found that such considerations are more urgent
since the consequences of COVID-19 could have a considerable impact on world economics, more that
it is expected [12]. In this regard, understanding principles of respiratory infection transmission, aerosol

9|Page



Journal Pre-proof

and droplet deposition, and dilution, as well as implications of background airflow, are critical in
providing recommendations and principled measures at the community and organizational level during

contagious airborne pandemic diseases [13].

COVID-19 transport in enclosed spaces has been studied in different types of buildings such as hospitals
[14-23], public transportation [24-26], schools [27,28], offices [29,30], and residential buildings
[31,32]. Reviewing the literature reveals that the background airflow pattern is a pivotal factor in
airborne disease transmission, which is highly affected by different parameters related to (1) space (e.qg.,
geometry and layout, usage type, equipment and furniture, and infiltration rate from cracks and voids),
(2) HVAC (e.g., type of ventilation system, supply air parameters), (3) occupant (e.g., respiration
performance, activity type such as walking, sitting or other types of activities [11,33]. Therefore, the
design of indoor conditions can benefit from respiratory airborne and aerosol transmission modeling to
analyze or optimize engineering solutions [34-41]. In this regard, several solutions have been practiced
on mitigation of airborne pathogen transmission such as HVAC control [42,43], HVAC-design
[44,4554,46-53], HVAC-filter [55-60], HVAC-disinfection [16,61,70-73,62-69], partitioning
[35,74,75], natural ventilation [57,76-80], and personal protective equipment (PPE) [81-88].

In some of these studies, the efficiency of the used methods was investigated in accordance with the
location of infection sources/patients and as a result, detailed guidelines were suggested for indoor
spaces. For instance, [14] showed that virus particles would deposit mainly back on the source patient
and as such, if the patient is close to the hallways, the virus particles would be exhausted to the corridor
while if patients were in the inner parts of rooms, the virus particles would probably deposit on the wall
surfaces. Such studies show that investigating the impact of HVAC design and other technical solutions
should be tailored to the internal layout of infection source as the existing condition while there should
be flexibilities in possible future changes in buildings’ layouts. This issue is more critical in hospital
wards as one of the most complicated scenarios with different infection sources in enclosed spaces
[14,15,49].

With this understood, CFD modeling has already been employed to provide solutions against many of
the arisen challenges. Nonetheless, its potential to support many remedial technologies is yet to be
explored in the near future as a trend toward this need can be evidently observed from the recent studies.
In this regard, a brief overview of CFD technical details employed in previous studies with important
insights is presented in Table 1. These studies are summarized in different groups of HVAC-design
[14,18,54,60,89,19,20,23,29,33,51-53], HVAC-disinfection [62,71,73], natural ventilation [31,80],
partitioning [75] and PPE [87,88]. In the HVACdesign as the most common theme, the impact of
various HVAC strategies such as mixing ventilation (MV), displacement ventilation (DV), and under-
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floor air distribution (UFAD) on particle dispersion has been widely studied [44,45,54,46-53]. Also,
applications of specific parts of HVAC systems such as filters are reviewed in the section [55-60].

As highlighted in Table 1, the modeling approach, geometry of spaces, turbulence model, and accurate
flow-thermal boundary conditions are essential factors to implement the CFD modeling of airborne and
aerosol pathogen transmission. The most important boundary conditions for respiratory events are flow
rate and jet direction, temperature and size distribution of the virus droplets [90-92]. The airflow pattern
and virus dispersion modelling are mostly studied in previous papers to investigate the impact of HVAC
systems, as a remedial technology, which are mainly solved within Eulerian-Lagrangian frameworks.
These features of boundary conditions significantly change the performance of numerical models, which
emphasize the need to develop detailed frameworks tailored for each case study that can vary from a
hospital ward, or office to a ventilation duct to ensure the accuracy of the model. Direct Numerical
Simulation (DNS), Large Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes (RANS) are
three main applied turbulence models in which the RANS models are more applicable and preferable to
simulate airborne infection problems [49,52]. One of the main reasons is due to the fact that the RANS
method generally requires less computation capacity while providing an acceptable accuracy and
reliability level [53,93]. Also, among the RANS turbulence models, the RNG k-g& model is tested and
validated to be an appropriate choice [14,29,94,95] as it can provide better accuracy and stability in
terms of low Reynolds number and near-wall flows [14,53]. Furthermore, in some studies presented in
Table 1, the airflow condition is assumed isothermal [19,20,51,52,62]. This assumption is mostly
observed in studies that have a relatively small spatial domain to analyze while the investigation is
mainly considered for sneezing and coughing, where particles are released at a high rate and the

buoyancy effect is less effective [20].

Table 1- Overview of technical details of airborne pathogen droplet CFD modelling in enclosed

spaces.
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4. CFD Modeling of Airborne Pathogen Droplets
4.1. Numerical approach

Modeling the dispersion of respiratory droplets and pathogens released by respiratory events (i.e.,
breathing, coughing, and sneezing), although having different shapes, sizes, and bio-effects, all fall into
the multiphase simulation (see Appendix | for equations). Whether a Lagrangian approach should be
selected or an Eulerian has always been a challenging question in the CFD modeling of respiratory
events [96]. Lagrangian frameworks are utilized for particular problems related to the transport of
pathogen droplets, such as the residence time (suspension time), evaporation, and deposition of large
respiratory droplets [97]. Furthermore, particle tracking inside the lungs is also more simulated using
Lagrangian models since the sticking of inhaled particles to the inner walls of lungs and release of
particles from an unhealthy trachea can be simulated if required [98-100]. On the other hand, specific
problems about respiratory effects are easier if formulated in the Eulerian framework. For example, the
spread of infectious particles or toxic gases, as a continuous mixture, can be simulated via Eulerian
models, which are faster than Lagrangian ones. Another group of Eulerian problems includes the
thermal effects of heating and ventilation systems [101] on the spread of gaseous phases inside enclosed
areas such as hospitals, as discussed in Section 3. A comparison performed by Zhang and Chen [102] in
a closed space concluded that both methods could predict the steady-state concentration, while the
Lagrangian method demands more computational resources. Their results also showed that the
Lagrangian model is better in predicting transient dispersion of the particles. In addition, for the CFD
simulation of pathogens and volatile droplets generated by respiratory events, one should consider that
numerical simulation of evaporation of smaller particles (sub-moicron particles) demand smaller time-
step values which add to computational costs [103]. This is contrary to the Eulerian framework, which

does not include simulation of particles and hence is faster and cheaper, however, provides fewer details.
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Another factor that identifies the condition of airborne droplets' transport is the Stokes number. A
particle with low Stokes number follows fluid streamlines (perfect advection). In contrast, a particle
with a large Stokes number is dominated by its inertia and continues along its initial trajectory. Cohen
and Asgharian [104] showed that the inertial effects influence the particle deposition at Stokes numbers
of approximately 10> and higher. Longest and Xi [105] showed that for the particle with the Stokes
numbers smaller than 5 x 1075, the effects of particle inertia on area-averaged deposition efficiency
could be neglected. Furthermore, Stokes number combined with the evaporation phenomenon affects the
possibility of particles with non-volatile nuclei to be airborne if St<<1 [5]. It is worth noting that the

Stokes number of particles indicates if a particle falls down or turn to be airborne

Regarding the numerical settings, it should be noted that the most appropriate numerical setting for the
CFD simulation of the respiratory events depends on its application, mainly within a short period of time.
Hence, an unsteady (transient) framework is suitable since it allows capturing temporal changes in the
location and spread (plume shape) of the respiratory event. However, suppose the goal of a study is
researching time-averaged or steady-state behavior, such as the effects of ventilation on the spread
quality. In that case, steady-state simulations can be employed.

4.2. Turbulence model and near-wall treatment

Turbulence models affect the CFD simulations from two perspectives of accuracy and computational
cost (mesh resolution, especially near walis). Hence, to select an appropriate turbulence model, the final
application should be taken into account. For example, Bass and Longest [101] showed that the
deposition of particles inside upper airways solved by the low Reynolds number (LRN) k-» model was
comparable with the Large Eddy Simulation (LES) while LES was computationally more expensive. In
general, in many droplets’ transportation and dispersion models, high Reynolds number turbulence
models (such as RNG-k-g and RLZ-k-¢) are appropriate choices. The near-wall mesh resolution can be
even larger than y*>100, and the wall function can be employed. However, when accurate results near
the solid walls are required, such as particle deposition in airways and lungs, the near-wall mesh
resolution must be fine (y*= 1) and low Reynold number turbulence models (such as SST-k-w) are
needed.

In LES, larger eddies can be captured by a generated mesh, whereas the effects of smaller eddies that
cannot be resolved are accounted using subgrid scale (SGS) models. Although LES provides the closest
results to the Direct Numerical Simulation, it still has some difficulties, especially in predicting correct
pressure losses [106]. LES models require very fine meshes near solid walls if the wall functions are not
employed. Nevertheless, if wall functions are applied, computational cells can be coarser in the vicinity
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of walls, but near-wall properties of a flow cannot be predicted accurately. Finally, for this turbulence
model, it is worth mentioning that the effects of the small filtered eddies on the flow field can play a
crucial role especially in applications such as near-wall flows [107], reacting flows [108], and

multiphase flows [109].

Further to the choice of turbulence models and near-wall treatment, the underlying physics of
phenomena related to droplet fluid dynamics should be considered if necessary. These phenomena
include droplets’ deposition, breakup, collision, and evaporation (for equations, see Appendix I1).

It should be mentioned that the effect of the turbulence model on the quality of the dispersion of
particles is directly related to the type of the applied turbulence model. For example, LES can solve the
background flow field with much smaller and detailed vortices. Hence, the trajectory of particles,
especially the local trajectories, will be in more detail. However, since RANS models are based on time-
averaged, they provide particles trajectories with fewer details. Hence, if a research task is intended to
obtain details of particles trajectories or sedimentations (such as in lungs), LES will provide more
details. However, as mentioned above, considering cost and accuracy RANS models are a suitable trade-

off for the simulation of droplets by respiratory in indoor and outdoor spaces.

4.3. Deposition and Effects of Air Movement

Droplets released from a patients’ mouth can either fall on the ground or stay suspended due to the
combination of their weight evaporation and the buoyancy force. Some particles with 30um<d<100 pm
may move downward (due to the gravity), while losing their mass due to evaporation. However, if the
buoyancy force becomes dominant before reaching the ground, the falling particle becomes airborne
[110].

The deposition also depends on the background air movement and ventilation [101,102,111], and the
deposition of particles can increase up to 6.5 m [112] or even 8.1 m [113] from the source. CFD
simulations have been used to simulate re-suspension of the deposited particle by setting boundary
conditions at the walls, such as bouncing (i.e., [9,112-115]).

4.4 Break-up and Collision of Droplet

The droplet breakup depends upon factors such as velocity, viscosity, pressure difference, and shape of
the droplet, which are investigated via Weber number (We) defined as the ratio of disrupting
aerodynamics forces to the surface tension forces of the droplet [116]. It has been shown (Appendix II)
that droplets have a maximum stable diameter above which their diameter cannot increase without
breaking up, and a minimum diameter below which the break-up does not occur. Regardless of this fact,

break-up results in the formation of two or more smaller droplets. If the range of particle diameters in a
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CFD simulation includes particles with small diameters, it will cover the diameter of the resulting
broken particles after a break-up. Hence, the CFD simulation with droplet break-up faces an increase in
the computational cost [117-119].

Specifically for respiratory events, a droplet-droplet collision can result in a bigger droplet or a
formation followed by a secondary break-up [120-124]. The droplet-droplet collision of respiratory
droplets has been investigated by [125-127]. For CFD simulation of a respiratory effect, adding
collision increases the computational cost almost pseudo-linearly with respect to the number of particles
[128]. Many other documents also confirm the associated cost increase, e.g. [129,130]. If the range of
particle diameters in a CFD simulation covers large particles, it can cover the diameter of the resulting
particles after the collision.

All in all, in addition to the computational cost, collisions between the respiratory droplets are neglected
in many droplets’ transport studies due to a low probability of collision because of the low volume
fraction of liquids in respiratory jets. As it is shown in Table 2, many CFD studies neglect collision or

break-up phenomena in their simulations.

4.5. Evaporation

The respiratory droplet is composed of water, salt, proteins, and pathogens (virus or bacteria) [131]
[132]; [133]. The aquatic portion of all particles evaporates during the evaporation, and each droplet
shrinks down into a non-volatile nucleus [134]. The changes in the size, mass, and density of the
particles change the particles' buoyancy and aerodynamic drag forces and airborne behavior. Since the
evaporation of respiratory droplets is the process through which the droplets convert to pathogen-
carrying nuclei, solving evaporation equations in a CFD simulation is vital and crucial, as shown in
Table 2.

Nonetheless, in a respiratory event, the sizes and volume fraction of droplets are small. Thus, particles’
impact on the dynamics of the continuous phase (air) is negligible. As a result, the one-way coupling is a
suitable choice for the CFD simulation of air-particle interactions. This option technically means that the
interaction between the background flow and particle is such that only the background air affects the
particles.

It should be mentioned that many researchers have studied evaporation mainly through numerical
simulations. As Vuorinen et al. [5] demonstrated for the evaporation of droplets in stagnant ambient air,
droplets with a diameter below 80 um completely evaporate before they reach the ground surface. In
addition, the same research showed that the suspension time varies from above one hour for particles

smaller than 10 um to 2~200 seconds for the particles between 100~200 pm.
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Table 2: Consideration of underlying physics in CFD studies of pathogen droplets’ transport

Particle CFD
Size Modeling approach/
Ref. (nm) approach | RH (%) | Evap. | Collision | Breakup | Buoyancy [Coupling | Turb. model
es
[5] 1-200 | Various 0-100 yes no no y LES
[6] 3-750 | Lagr.* 101090 | yes no no Yes one-way | RNG-k-g
[33] | 1100 | 29" 35,50,65 | yes no no NME one-way | LES
[14] g3 | Laor 80-95 |yes | no no NM® one-way | RNG-k-¢
SKE
SST-k-® and
[18] 2.5-250 | Lagr. 30-60 yes no no yes one-way | RNG-k-¢
Lagr. SST-k-®
[24] 30 no yes no no yes one-way | (low Re)
[40] 1 Lagr. no no no yes yes one-way | RLZ-k-¢
[28] 10 Lagr. no no no no yes one-way | RNG-k-¢
20,40 &
[135] 1-500 | Lagr. 60 yes no no yes two-way | RNG-k —¢
[136] | 10100 | 29" 0and 90 | yes no no yes one-way | RLZ-k-g
[137] | 0.4-10 Lagr. 0-80 yes no no yes one-way | RNG k-¢
[138] | 0-1000 Lagr. 35,65,95 | yes no yes yes two-way | RLZ-k-g
[113] | o.1-700 | 29" 20-80 yes no no yes one-way | RLZ-k-¢

*Lagr.: Lagrangian

§NM.: Not mentioned

SKE: Standard k-¢

LES: Large Eddy Simulation
RNG: Re-Normalisation Group
SST: Shear Stress Transport
RLZ: Realizable

5. Measurement of Pathogen Airborne and Aerosol Droplets

While the present article aims at reviewing CFD modeling of respiratory flows, a brief review of
experimental measurement techniques, including their limitations and uncertainties, is conducted as the
experimentally measured data are required to set the boundary and initial conditions of CFD models (see
Section 6 for details). Moreover, they are used to validate the CFD models, then can be applied to
investigate the flow field where measurements cannot be conducted in a new setoff simulation due to the
related intensive expenses, practicality, and/or time constraints. Furthermore, some of the clinical data of
pathogen transmission, such as the minimum dose of infection, are useful for translating the CFD field
data to safety measures such as risk factors. Also, Zoka et al. [113] provided a well-discussed article on
risk assessment of bioaerosol transmission from human respiratory events by employing CFD

simulation in confined space.

Experimental techniques in this area can either focus on capturing respiratory flows or on characterizing

exhaled particles. In the case of droplets, the major concerns are measuring their size distribution,
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concentration, and velocity inside the field [139]. Determination of droplets' size distribution and
concentration requires the application of invasive methods, while droplets’ diameters and velocities are
determined by non-invasive methods [140]. On the other hand, the exhaled flow experimental
measurement methods concentrate on the flow's field velocity, temperature, and shape [139]. Global
flow field techniques are mainly utilized to exploit the shape and propagation of the exhaled flow and its
interaction with the background flow of the target environment [140]. Relying on remote observation of
the target medium, particle image velocimetry (PIV), particle tracking velocimetry (PTV) and laser
Doppler anemometry (LDA), high-speed photography (HSI), and Schlieren photography are among the
most widely employed global techniques [140]. However, pointwise measurement techniques focus on
acquiring velocity, flow rate, humidity, and temperature at definite discrete points inside the field [140].
Thermocouples and pressure probes are examples of these measurement methods. A review of methods
of capturing respiratory airflow and airborne pathogens in different environments is presented in the
following sections.

5.1. Measurement of Flow Field

Besides validation of numerical tools, capturing the dynamic behavior of exhaled airflow as a research
tool, and studying the interaction of respiratory and background flows are among the objectives of flow
field measurement [139]. To achieve more realistic conditions, mannequins or humans are widely used
in flow measurement tests at different complexity levels [141].

5.1.1. Test Setups with Mannequins

The generation of realistic droplets size distribution is a challenging task. Thus, tracer gases like SF,
CO, or N,O are generally used to simulate small droplet nuclei released by mannequins. Pointwise
exploiting the flow parameters using anemometers in different field positions is one of the widely used
measuring methods in such test setups. However, the typical level of air velocity in enclosed spaces is
usually below the range of most sensors. Moreover, those sensors capable of measuring such low-
velocity levels can only return the velocity magnitude, which is a source of uncertainty for CFD
validations [141]. More advanced methods like PIV, LDA, and HSI can give more precise
measurements though at higher costs.

PIV can measure the velocity through dispersing tracer particles into the field excited by laser pulses
[142]. As a popular measuring technique, this approach is mainly used to resolve the respiratory field.
Feng et al. applied the PIV measurement to capture the exhaled flow of a breathing manikin in
isothermal and heated conditions [143]. Marr et al. [144] conducted the PIV measurements in the

breathing zone of a thermal mannequin. Wan et al. [61] applied the PIV method to investigate transport
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characteristics of droplets and droplets nuclei under different ventilation strategies. Kwon et al. [145]
used this measurement technique to analyze the coughing and speaking-induced velocity field near the
mouth. Xu et al. [146] applied this method to investigate inhalation and exhalation flow patterns in a
realistic human upper airway. One limitation of this method is the size of the exploration window, which
may not cover all over the field, and this would not let CFD validation at the far-field. Another critical
parameter to consider in using the PIVV method is that the obtained images should be recorded with a
sufficiently high frequency so that the dynamics of the exhaled jets are mostly captured [147].

LDA is based on the Doppler effect. Similar to the PIV method, it uses tracer particles to measure the
flow field velocity. Sun et al. used the LDA method to study indoor transport of droplets expelled by
coughing [148]. They measured the maximum initial velocity range ‘and the time duration of coughing
activity from several volunteers. One limitation of this method is that it is limited to only measuring one
particle's velocity at a time. So, simultaneous capturing of the velocities of different phases is not
possible [148].

HSI is used to resolve flow shape, its propagation, including direction and spread angle. This method
uses smoke clouds as tracer particles. Gupta et al. [92] applied HSI to specify boundary conditions of
human breathing, speaking, and coughing. Bourouiba et al. [149] used a high-speed camera to visualize
cough and sneeze at severe expiratory events. Liu et al. [150] utilized HSI to capture the spread and flow
structure of cough. For this purpose, they built a cough generator machine. One restriction associated
with this technique is that it can only visualize those parts of the field within the smoke clouds
[139,147].

5.1.2. Test Setups with Humans

Volunteered humans are used in several test setups to help better understanding of the interaction of
exhaled flow with the environment background flow. In these cases, measuring methods based on laser
beams are not conducted due to their health and safety issues. So, the advised technique to capture the
flow field in these cases is Schlieren imaging. This method is based on thermal differences in the air to
refract a light beam resulting in visualization of the airflow [141]. This method has limited accuracy and

is suitable for turbulent refractive flows like cough and snheeze [139].

On the other hand, meaningful measurement with this method strongly depends on the temperature
difference between exhaled jet and background flow. Therefore, its application is restricted to the initial
parts of the exhaled flows where a temperature difference exists. However, this temperature difference
vanishes downstream as these two flows are mixed together, and thus, this method cannot be used to
measure far-fields. One more point to add is that the uncertainty in the captured velocity profile is
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expected since the optical method records a 2D projection of the real 3D flow of the domain [147]. This
can be a challenge when this method is applied to validate 3D CFD simulations.

One general challenge in the validation of CFD simulations for exhaled flow fields is related to
temperature and humidity fields caused by the interaction of respiratory flow and the environment
background flow, which have been barely modeled [140]. Another critical issue in this regard is that the
Reynolds number of these flow types is generally low. Therefore, selecting a proper turbulence model to
validate the measured field is challenging.

5.2. Measurement of Airborne Pathogens Droplets

As stated earlier, the primary intention of experimental studies on exhaled droplets is to measure their
diameters and size distributions. There are also other targets such as understanding the role of pathogen
droplets in the propagation of the disease and performance evaluation of different protective methods.
These measuring techniques are reviewed below.

5.2.1. Droplet size distribution

Solid and liquid impaction methods are used to measure the exhaled droplets sizes. Implementing a
droplet-capturing surface (solid) or liquid bath, they can capture the passing aerosols over them. One
limitation of these techniques is that they are incapable of trapping droplets with diameters greater than
five microns due to their rapid fall under the effect of gravity. HSI as a more advanced technology has
been applied to measure droplets size distribution. However, its accuracy is restricted by the available
focal depth. So, it is not able to measure the smaller diameters (i.e., less than 5 microns). Reviewing the
related literature shows that a very diverse range of values for droplet size distributions is reported in
different studies, which is an important source of uncertainty. Underlying reasons include the limited
resolution of different devices, which impose a specific diameter range measurement, health condition
and physical properties of the people under the test, evaporation, and condensation of droplets which
lowers the accuracy of the test at the initial stages of the respiratory event. This is also the case in

measuring the velocity of different exhaled airflow [139].

Besides the velocity level, different people have various timings and consequently different profiles of
respiratory events. For instance, different peak times of cough are observed in different people. This will
not allow averaging the captured profiles since the resultant profile will be a distorted, unrealistic one.
Thus, in this case, a profile near the average behavior is usually selected [151]. Another source of
uncertainty in the size distribution of droplets in different exhalation activities is that they are always
reported at a certain distance from the mouth or nose exit. The first reason is that the behavior of the

droplets at short distances from the release source is deeply affected by the interaction between a person
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and its environment background flow. The second reason is that, immediately at the exit, a large
irregular and case-dependent volume of fluid encompasses the droplets, which turns into droplets at a
short distance from it in which measuring the shape is quite challenging [139]. Hence, these challenges
impose a considerable uncertainty in input data for CFD simulations, which can cause significant

discrepancies in the validation procedure.

5.2.2. Exhaled droplets dynamics

Respiratory simulators are used to mock exhaled droplet dynamics [151,152]. Due to the absence of
human subjects, viral aerosols can also be introduced to these machines to study their life span inside the
room with no infection risk. However, simplifications considered in the design of simulators impose
some restrictions in the representation of human respiratory activities. In general, these simulators work
with a limited range of droplet sizes and cannot generate the whole size range and count of the exhaled
particle. Since droplets' airborne behavior mostly relies on smaiier droplets, simulators are preferred to
cover smaller droplet sizes. On the other hand, respiratory jets have mainly higher temperature levels
compared with the environment. At the same time, simulators barely consider this temperature
difference, and therefore the impact of buoyancy is not well represented. Another issue is that the
complex and time-dependent behavior of human nose and mouth, which have an important impact on
exhaled droplets properties that built simulators cannot replicate even with imposing the same
exhalation areas. Besides the existing uncertainty in respiratory time-velocity profiles as discussed in the
previous section, the droplets release rate is not uniformly distributed within the exhalation activity
timespan [147,151]. In the case of cough, most particles are emitted at the initial stage of a cough. So,

this increases the complexity and costs of respiratory simulators [153].

Aside from the available methods to measure the velocity and size of the exhaled droplets inside the
flow field in simulators, as explained earlier, one can name particle tracking velocimetry (PTV) and
phase doppler anemometry (PDA). PTV does not require particles to be uniformly distributed in the
field. Thus, tracking the particles’ wvelocity vector inside the domain enables the validation of
Lagrangian models [154]. Janke et al. [155] applied an in-house developed PTV algorithm to capture
oscillating flow inside the human mouth. Bahl et al. [156] applied the PTV method to investigate the
motions of sneeze droplets. They showed that less than 1% of droplets have velocities larger than 10 m/s
while around 80% of droplets travel at velocities less than 5 m/s. Elcner et al. [142] applied the PDA
method to validate their CFD model of human tracheobronchial airways. They used a complete

inspiration/expiration breathing cycle and included both sedentary and deep breath modes.
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As seen earlier, test conduction in simulators is repeatable, and uncertainties seem to be considerably
less than what is observed in the case of human subjects. Nevertheless, there are still challenges to
validate CFD models with controlled test conditions inside the simulators. First, most particles inside the
simulator test chamber have an ultimate diameter of less than 0.1 micrometer [151]. Another source of
uncertainty is related to the non-evaporated fraction of respiratory droplets, which is the size of airborne
nuclei. The next important limitation is associated with the fact that the discrete phase Lagrangian
method should be applied with caution as the droplets streamlines are highly sensitive to the selected

parameters in the CFD model.

6. Clinical Inputs of CFD Models and related uncertainties

CFD simulations are highly sensitive to input data used as the model's boundary conditions and material
properties. As the released droplet jet from a bio-source, these input data depend on demographical
factors such as age, gender, infection condition, and environmental parameters such as ambient

temperature, relative humidity, etc., as summarized in Table 3.

Table 3: List of effective factors on the released droplet jet from a bio-source.

#  Item [unit] Interval Reference

1  Droplet size distribution [um] 0.5-—2000 + (Table 8, Table 9) [135],[151] + [157]
2 Number of droplets/particles 5000, 9x10° [135], [158]

3 Indoor/outdoor space Different Boundary Condition. [159]

4 Local ambient air velocity[m/s] [0.25-1.5], 21.7, 0- 10 [33], [158]

5 Local ambient air direction [deg] 0-180 [160]

6 Local ambient air humidity [%] [20 - 60], 50 [135], [33]

7 Local air temperature [°C] [17-23], 25, [33], [158]

8 Temporal profile of exhalation [Lit/min]  Fig.2, Fig. 3(a-c) [161], [33], [162]
9  Spatial profile of exhalation [-] Fig. 9 [145], [163]

10 With or without facial-mask [with or without] [162], [159]

11  Gender [-] Man, Woman [161], [145]

12 Age [year] 10-70 [164]

Falsified or simplified data can dominantly impact the outcome of a CFD simulation even though all the
steps in the pre-processing, processing and post-processing are carefully performed [165,166]. Clinical
information and flow field data, as the boundary conditions to be set in the mouth or skin of airborne
pathogen bio-sources, have been widely investigated in the past decades [163,167,168]. Nonetheless,
when it comes to smaller droplets and aerosols, the rendered measurement techniques, as described in
the preceding section, face several technical challenges to ensure the robust presentation of deemed
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information. This partially justifies the contradictory data seen in numerous related studies [157].
Moreover, bio-sources are uncontrollable complex organic systems that produce diverse droplet release
modes in laboratory experiments even under similar circumstances. Hence, statistical analysis is
implemented to translate disparate collected observational data to mathematical functions suitable for
being used in the CFD models as (1) temporal velocity profile and, (2) distribution of droplet size, (3)
velocity angle, and (4) flow rate and initial velocity. All of these parameters are investigated under
different respiratory modes of inhalation, exhalation, speaking, cough, and sneeze. This section, thus,

summarizes some of these studies.
6.1. Temporal Velocity Profile

On average, a normal cough has a fraction of the maximum volume of human exhalation, while a
normal sneeze is approximately equal to its whole maximum volume. These volumes for men and
women are 4.70 L and 3.63 L, respectively [135]. The transient semi-sinusoidal profile airflow rate is
the primary and essential feature of cough and sneeze [161]. The most important characteristics of the
exhalation profile are expired volume (EV), peak flow rate (PFR), and peak velocity-time (PVT).
Several experimental and/or numerical studies have provided empirical values or correlations for PVT,
cough PFR (CPFR), and cough EV (CEV) based on the demographic distribution of bio-sources
[33,161,162].

An experimental cough aerosol detection via laser diffraction system from 45 healthy people presented a

demographic statistical analysis of the droplet size correlated to participants’ gender and age [164].

Busco et al. [138] did experimental and theoretical research for realistic modeling of a human sneeze.
They employed a micro-dynamic pressure transducer in order to measure the dynamic pressure of
human sneezing. The fitting curve of this study is illustrated in Fig. 2, and it can be formulated as:

I
it ePr  cptT2T e
P T b o

P(t) =

where T is the gamma function. a;=4, b;=0.0235 s, ¢,;=860.107 Pa.s, a,=9, b,=0.028 s, and c,= 674.3917
Pa.s. The R? value of the fitting curve was 0.9937 with the standard deviation of 0.34 kPa.

Distribution of droplet aerosols in an air-conditioned room by Large Eddy Simulation (LES) CFD model
coupled with the Lagrangian method was conducted and validated through experiments by Zhang et al.
[33]. They used the profile of Fig. 3 to calculate the temporal cough velocity.
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Fig. 2: Fitting curve to the experimental data for the dynamic pressure distribution of human sneeze [138].
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Fig. 3: Temporal velocity profile of cough extracted from [33].

Another experimental research measured the airflow rate of cough while the CPFR value was found to
be equal to 8.2 Lit/s, as presented in Fig. 4 (a). In this figure, although the presented total cough duration
is higher than 0.5 s, considering that the flow rate of less than 50 L/min falls within normal breathing,
the main cough event falls within 0.5 s. In another study, Ren et al. [161] numerically simulated the
cough clearance process to quantify the cough effectiveness, as shown in Fig. 4(b). The exhalation part
can be simplified and modeled by a linear function as follows:

CPFR
—(t—t,) if t—t,) <PVT
Q=4 P (19)
PR PUTY4 CPFR if (t —t.) > PVT
(=t — PVT) + CPFR if (t=t,) >
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where t, is the start of the cough and can be simply assumed to be zero (t,=0, start of the measurement).

The total temporal duration of the cough is considered as t;,=0.5 s [from 0.63s to 1.13s].

Moreover, the initial velocity of jet droplets exhausting from the mouth could be obtained by dividing
the flow rate value from Eq. (19) by the cross-section area of the semi-open mouth or trachea. The
amount of PVT for males and females is also provided by Gupta et al. [92] as a function of CPFR
through curve fitting from extensive experimental data (see Fig. 4(c)):

PVT = 3.152 x CPFR + 64.63 (female)
PVT = 1.360 x CPFR + 65.86 (male)

where the PVT and CPFR values are in ms and L/s units, respectively.

(20)

Zhang et al. [33] numerically simulated breathing with the profile of Fig. 5(a) as the human periodic
breathing cycle. Villafruela et al. [163] conducted an experimental study for the breathing mode of
exhalation only by neglecting the inhalation period. They replicated the human breathing via their
experimental manikin setup in which breathing was reported in a shape of a sinusoidal function with
respect to time. Their results can be fitted to the shape of the temporal breathing velocity amplitude
[163] (see Fig. 5(b)):

0 ifv<0

Vmoutn = {4.5.Sin(1.79t) if v >0 (21)

where t is the time ().

Berlanga et al. [169] performed a numerical-experimental investigation on the hydrodynamics of
exhalations. They used a manikin and utilized PIV to identify the transient puff structures for two
different modes of activities, including standing, relaxed, and walking. They presented the exhalation
profile as demonstrated in Fig. 5(c), in which the mouth area was set to 260 mm?. Furthermore, the
breathing velocity of 1.3 m/s with a maximum propagation distance of 0.8 m is reported by [170], in
which the authors extracted sneezing data from six people (2 women and 4 men) who attended their

experiments.
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Xie et al. [161] estimated the velocity of large particles dispersed during sneezing to be about 50 m/s.
Based on the experimental results of Jennison and Edgerton [171] for sneezing, the exhaled droplet
speed could reach up to 46 m/s. The airflow rates at a mouth cross-section for the case of sneezing were
experimentally measured by Mortazavy et al. [172]. They measured the outlet flow rate with a
Spirometer device while the mean maximum and average flow rates were obtained as 10.58 L/s and 4.79
L/s, respectively. The summary of the maximum sneeze velocity or airflow rate at a mouth is given in

Table 4.

Table 4: Summary of the maximum sneeze velocity at a mouth.
Item 1 2 3" 4 5 6"
Velocity or 50[m/s] 46[m/s] 10.58 [L/s] 48.3[m/s] - 35.5[m/s] 23.5 [L/s]
Flowrate 4.79 [L/s] 18.15 [L/s]
Ref. [131] [171] [172] [86] [149] [135]

"By assuming a realistic mouth area (e.g., 260 mm?*[169] or 128 mm?[138]), one may compute inlet velocity.

Nonetheless, other values have been reported for the velocity of respiratory events in the literature, but
due to their significant differences, they have been treated as outliers in Table 5. Moreover, the velocity
of the breathing mode is reported in the literature and presented in Table 6. As it can be seen, there is a

relatively wide range of velocity reported from 1.8 m/s to 4.5 m/s.

Table 5:The other value reported for sneeze velocity.

Sneeze velocity at mouth [m/s] Mouth area [cm?] | Year — [Ref ]
53,115 9.22 2019 - [173]
(corresponding to min & max value reported in [172])

4.5 - 2013 — [170]
100 - 1955 — [174]

Table 6: Summary of the maximum breathing velocity at a mouth.

Item 1 2 3
Velocity (m/s) 1.8 2.8 45
Ref. [169] [33] [163]

Finally, Table 7 presents the most frequent values reported in the literature for four different exhalation
modes, including breathing, speaking, coughing, and sneezing. The given ranges may depend on many

demographic factors, such as gender and age and posture and health condition.
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Table 7: Most reliable velocity interval for each mode of exhalation synthesized from
[33,86,163,169,171,172,92,131,135,138,145,149,161,162]
Breathing Speaking Coughing Sneezing

Velocity range (m/s) 0-2.8 2.5-4 8-14 18-50

The reported data for the velocity angle of the airborne pathogen droplets are limited in the literature. In
an experimental study by Kwon et al. [145] using PIV and climate chamber with a constant temperature
of 23 °C and relative humidity of 50%, the average initial velocity for coughing mode of exhalation was
measured as 10.6 m/s and 15.3 m/s for females and males, respectively. The measurement area was 247

mm x 184 mm located in front of the mouth opening. In addition, the average initial velocity for the

speaking mode of the exhalation for females and males was reported as 2.31 m/s and 4.07 m/s,
respectively. The exhaled air angle from coughing was observed to be around 38 ° for the males and 32 °
for the females, while that of the exhaled air from the speaking mode was around 49° and 78°
respectively (see Fig. 6). As reported, 26 people, consisting of 17 males and 9 nine females, participated
in performing the experiments three times in the front side of the chamber.

— Male
e Female /

6

Velocity in y-direction (m/s)

4 6 8 10 EF TS
Velocity in x-direction (m/s)

Male Female
Oup 19.9 15.0
0 gown 17.9 17.3

Fig. 6: Initial coughing velocity extracted from [145].
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6.2. Distribution of Droplet Size

A review of the literature before 2015 on respiratory droplet characteristics highlights that the droplet
size of breathing may vary between 0.3 to 5 um while there is a noticeable uncertainty on the size of the
largest droplets as they were reported around 10 um [175]. In another study, a human-like aerosol cough
simulator placed in a controlled environment was employed to record the droplet size distribution of
cough caused by influenza patients [151]. The total aerosol volume collected in each cough was equal to
68 uL. Also, in their experiment, the cell culture medium® was employed as a surrogate for liquid
aerosol production. The airflow rate of the airbrush was approximately found to be 8.4 L/min at 138,000
Pa (operating pressure). Another experiment was conducted for the droplet size distribution
measurement of the sneeze mode right at mouth opening by recruiting twenty healthy people, consisting
of 10 males and 10 females in the ages of 16-25 [8]. With no history or evidence of significant
pulmonary diseases, these participants released 44 sneezes measured by a laser particle size analyzer.
Two types of distributions were observed, including unimodal and bimodal, as shown in Fig. 7. The

unimodal distribution was found as:

Au 2 2
P =——— e_(LOQ(Di)_ﬂu) /204 22
i ( '_27T0u> (22)

where P;[%] is the volume ratio of all the particles within the category of diameters in size class i to the
total volume of all the particles. D;[jum] is the averaged diameter of a size class i. It is also reported that

the mean is p,=2.7264, and the variance is o, = 0.1523 [8].
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lComplete Dulbecco’s Modified Eagle Medium (CDMEM) consisting of Dulbecco’s Modified Eagle Medium, 100 U/ml
penicillin G, 100 pg/ml streptomycin, 2 mM L-glutamine, 0.2% bovine serum albumin, and 25 mM HEPES buffer.
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Fig. 7: Reproduction of particle size distribution from Eqg. (22).

For the unimodal distribution, the sum of the volume frequency in all the size classes is 1 (100%), so the

coefficient of the unimodal distribution can be calculated according to the mean and variance as

expressed by [8]:
n

A, = 100V27m0, (Z e—(Log(Di)—uu)z/wﬁ) (23)
i=1

Chao et al. [157] rearranged the particle size distribution of the sneeze mode from Busco et al. [138] and
classified them into the 15 bins, from class 3 pum to class 750 um, as shown in Table 8.

Table 8: Particle distribution measured for sneezing [157].

Size range [Um] Size class / mean Frequency of Sneezing
2-4 3 0
4-8 6 7706.95
8-16 12 23491.91
16 - 24 20 26203.62
24 - 32 28 25689.82
32-40 36 24933.4
40-50 45 24176.97
50 - 75 62.5 58344.43
75— 100 87.5 33054.23
100 - 125 1125 41703.14
125 -150 137.5 32540.44
150 — 200 175 41588.96
200 - 250 225 44129.41
250 - 500 375 179257.9
500 — 1000 750 193444.3
Sum 756265.5
Mean 50417.69833

Moreover, Chao et al. [157] provided distribution for the particle size emitted from a mouth during

cough and speaking modes of exhalation as presented in Table 9.

Table 9: Concentration of particle count extracted from [157]

Size range Size class / mean DNC of Speaking DNC of Coughing
2-4 3 4.59 86

4-8 6 66.21 1187

8-16 12 22.23 444

16 — 24 20 11.33 144

24 -32 28 7.87 54
32-40 36 4.32 50
40-50 45 4.47 41

50-75 62.5 4.57 43
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75-100 87.5 3.44 30
100 - 125 1125 4.52 36
125-150 137.5 431 34
150 — 200 175 4.52 93
200 — 250 225 3.85 53
250 - 500 375 3.45 44
500 — 1000 750 1.11 30
Sum 150.8 2368
Mean 10.05266667 157.9333333
SD 15.773871 292.8805141

DNC = Droplet Number Concentration

In a recent numerical investigation, Dbouk and Drikakis [176] applied a total number of 1,008 exhaled
droplets equal to 7.7 mg per cough and used the Weibull distribution for the probability density function
(see Eq. (24)) for distribution of the initial droplet size. Furthermore, the mouth opening was considered
a rectangle with a length of 4 cm and a length to height ratio of 8.26. Also, a transient velocity with a

maximum velocity of 8.5 m/s was set at the mouth outlet:

ol (% n_le_%)n n=84d =280
4, (@) o REBETTAE (24)
In another study, Lindsley et al. [7] carried out an experimental study over several participants on the
particle size distribution using a laser aerosol particle spectrometer with a size range of 0.35 to 10 pm.
They collected the data for two conditions of being infected by Influenza and after being recovered, as
illustrated in Fig. 8. A meaningful difference between these two conditions was reported such that the ill
people produced a significantly greater volume of aerosol. Another important fact reflected from this
research is the considerable uncertainty in the reported number of particles at each size bin, irrespective
of underlain conditions. As an example, in the bin of (0.35-0.37 um), the number of particles varies
from approximately 3,900 to 10,200. Moreover, by comparison of the reported data in [7] and [138], one
may notice another important difference, which is the existence of submicron bins in [7]. It must be
mentioned that, as all particles in the experiments of [7] undergo the evaporation process, most of the
submicron particles were not submicron at the mouth outlet. This point is crucial, especially for setting
the boundary condition at the mouth outlet in the CFD models. By examining the experimental setup of
[7], one may see that the employed particle spectrometer is connected to a chamber while the flow of
cough passes through an ultrasonic spirometer as it enters the collection chamber for the cough aerosols
analysis. In other words, considering the rapid evaporation of micron-size droplets, particle size

distribution at the mouth opening is completely different from the presented distribution.
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The data variation and uncertainty are not only limited to the distribution of particles. The total number
of expelled droplets varies from one person to another, as seen in Fig. 9. In this experimental study, nine
volunteers (subjects) were selected and asked to cough during influenza and after recovery. While
subject No.5 expels an average of 300,000 droplets, the number of expelled droplets by No. 1, 4, and 9
is almost negligible. The average of 75,400 particles per cough from 0.35 to 10 um in optical diameter
with a standard deviation of 97,300 is reported, which shows a considerable diversity and uncertainty
although their instrumentation has good precision. In fact, this uncertainty is more connected to the
nature of this phenomenon than measuring instrumentation, which makes the experiment's repeatability
difficult. This area is featured by the inherent uncertainty associated with the demographical properties
of respiratory events such as sneeze and cough.
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Fig. 8: Distribution of particle size for two conditions of participants being infected by Influenza and

after their recovery [7].
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Fig. 9: Total number of particles per cough expelled within the range of 0.35 to 10 um [7].

The collection of droplets in the exhaled air has been considered as a new method for sampling
respiratory particles [177]. Using this technique, particle mass per liter for a breathing mode was
measured with respect to the maximum expiratory flow [178]. Nonetheless, this study has shown no
significant correlation (Pearson Co. = 0.221) between particle concentration and the maximum
exhalation flow rate using linear regression as reported in Fig. 9 (see red line). This experimental report
hence admits the broad innate uncertainties in collecting the clinical data related to exhalation modes, as

seen in Fig. 10.
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Fig. 10: The exhaled particles mass for the breathing mode of exhalation in relation to the maximum
exhalation flow rate [178].

In a recent investigation, Alsved et al. [179] performed an experimental investigation on exhaled
respiratory droplets by recruiting 12 volunteers, including seven opera singers and five non-professional
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ones sitting or standing upright in a conditioned room 22 °C and RH=40%. They employed an

aerodynamic particle sizer (APS, Model 3321, TSI Inc.) to measure the particle size and concentration

in the interval of 0.5-10 um within a five-second span. As seen in Fig. 11, their results show a few small

particle sizes for breathing. As the intensity of the vocal cord activity increases, the number of emitted

particles as well as their mass rates are observed to be increased [179]. In another study, Wan et al.

[180] reported breathing particles' size and concentration distribution for a patient in a room under two

different modes of mechanical ventilation, including pressure and volume control. As seen in Fig. 12,

the particle size distribution profiles for both ventilation modes resemble such that the detected

difference can only be found in the small-size particles (0.2-0.3 um) [180].

FS
T

Particle mass emission rate (ng 5'1)

w
T

nN
T

-
T

L
[y
o
o

Average-number of droplets per frame

-

-

T

BNy +
T

S ——
I :
e E
l-.-!'h

N ¢ ¢ @

0r== 40
e S e ® &
R O R e
~
o & P &0 & ¢
& P & Ny +° o ,
$° ‘\o (A IS \(\Qﬂ
Q\QQ‘ é@g %\0‘)"
& o"b 006
06 N N
\,0
(a)

w
o

N
o

W
(=]

0
0

Number of emitted particles per second

N
o

101

- .
e @ Loud singing
o Normal singing
' ~-@ Loud talking
e o Loud singing, face mask
oa O...' ~-@- Normal talking
P ® e Breathing
Y
8 ®° ege
O o B
(o) 4
o%e OG, .!
g ] »
o .‘.."..gsgao 9 ‘.'
'q. .’ Og 00 .
‘..'.'.‘»':WWEM-'
507 1 2 3 45 7 10
Particle size (um)
(b)

Fig. 11: (a): The particle mass emission rates for different modes of exhalation, and (b): Median number

Particles per breath

30

25 A

20 A

15 A

10 A

of emitted particles in size range 0.54-10 um per second for the 12 singers [179].

Particles per breath

100

Particle size (um)

30 4

25 4

20

100

Particle size (um)

44|Page



Journal Pre-proof

Fig. 12: Size concentration distributions of a patient in a mechanically ventilated room with (a) pressure
control mode and (b) volume control mode [180].

7. Conclusion and Remarks

CFD has been recognized as an inexpensive tool to accurately simulate various airborne pathogen
transmission scenarios. Nonetheless, accurate CFD modeling demands feeding reliable input data to the
developed models. Hence, this paper has initially reviewed the relevant studies related to the
transmission of airborne and aerosols originating from respiratory events to extract details of essential
clinical parameters needed as inputs to the CFD models. It further has investigated the inherent
limitations associated with the CFD modeling and the associated experimental studies, including
oversimplification of the underlying physics and the inherent uncertainty in the experimentally

measured data.

The first limitation is connected to the high complexity of the interdisciplinary nature of the aerosol
transition. This multi-physics problem includes transient 3D multiphase turbulent flow, undergoing the
evaporation process within a relatively large volume of the case studies while very small simulation

time-steps are needed.

According to the literature, although a specific interval for the velocity variation is presented for each
respiratory event, the reported values are still far beyond being in reliable intervals. In fact, the
uncertainty of the clinical data is more connected to the nature of respiratory phenomena rather than
measuring instrumentation. Respiratory events such as snheeze and cough are characterized by the
inherent uncertainty associated with the demographical characteristics such as gender, age, and health
condition of a person. Therefore, to draw an inclusive conclusion, e.g., to issue a new protocol, a wide
range of data must be taken into account, and depending on the severity of the situation, considering
whether vulnerable people are involved or not, modeling could be based on the worst-case scenario or

based on averaged-value scenario to make it more economical.
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Appendix I: Eulerian and Lagrangian approaches for multiphase flows

Al.1. Approaches for multiphase flow simulation

From a fluid mechanics point of view, cough and sneeze can be modeled as a turbulent jet [181,182]
since the typical Reynolds number of these jets, calculated based on jet diameters, is higher than 5,000
[149,152]. The governing equations of a fluid flow have been developed from conservation laws,
including mass, momentum, and energy conservation. Also, in an airborne droplet/particle field, the
multiphase nature of the flow is modeled via one of the two main approaches, namely Eulerian and
Lagrangian, as shown in Fig. Al.1. The main difference between the Eulerian and Lagrangian methods
is related to their investigated frame of reference, which is fixed in the Eulerian methods while it is
following a fluid element along its path-line in the Lagrangian one. The numerical procedure and
algorithm of solution of Eulerian format of governing equations described in [183]

. 0 D .
Eulerian —+v-V,= ¥, Lagrangian
4

— Syt
/‘ Eulerian Lagrangian
defivative (Material )
* . derivative
i
—t--""" ‘ o
—— /
T
Spatially fixed

Following the motion

volume element of the fluid element

Fig. Al1.1: Eulerian (left) and Lagrangian (right) approaches in fluid mechanics

Al.1.1. Eulerian models for multiphase flows

In the Eulerian approach (also known as Euler-Euler or multi-phase model), two or more phases of gas,
fluid, or solid are treated as continuous phases. This means that all phases coexist everywhere in the
domain while each phase's volumetric fraction is considered a continuous parameter in space and time.
Thus, the conservation of mass, momentum, energy, and turbulence are solved for each phase in the
Eulerian models. The most popular Eulerian models available for numerical simulations are VVolume of
Fraction (VOF), Mixture Model, and Eulerian Model [9]. These models are not capable of tracking
discrete particles, and hence they are not detailed in the modeling of airborne pathogen droplets. Also,
their unsteady time-step values are usually limited by grid size due to stability or accuracy [184].
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Al.1.2. Lagrangian Models for multiphase flows

Lagrangian approaches, also known as Euler-Lagrange, simulate discrete particles as each particle can
freely move through space and time within a continuous phase. The continuous phase is usually solved
with Eulerian equations, while the discrete phases are coupled with Lagrangian equations. The coupling
with the continuous fluid can be set to be one-way or two-way coupling [9]. In a complex situation, the
continuous phase can be a mixture of fluids with different material properties. Also, particles can be
solid materials or a mixture of solid-fluid or fluid-fluid with different properties and sizes. Hence, this
approach is a promising method to model airborne pathogen droplets. In addition, it is possible to use
the assumption of different forces such as drag, shear-induced lift gravity, etc., on the particles
(depending upon the nature of the mixture). Furthermore, the energy equation can be taken into account
in the calculations. Thus, droplet evaporation or collision can be included in the Lagrangian models. The
discrete phase trajectory is calculated using a Lagrangian framework that includes the discrete phase
inertia, hydrodynamic drag, and gravity force. Prediction of the effects of turbulence on the dispersion
of particles due to turbulent eddies can be implemented in the continuous phase.

Comparing Euler-Lagrange and Euler-Euler methods, the former is computationally more expensive
since the Lagrangian equations of motion applied to a 3-D domain are more complex in most
applications [185]. Also, since Euler-Lagrange keeps tracking large numbers of particles in a flow field,
it requires more computations and memory than the Euler-Euler method [184]. Nonetheless, the
Lagrangian approach is diffusion-free and highly parallelizable as all particles are advected

independently. In addition, the Lagrangian method is recognized to be CFL-free [186].
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Appendix I1: Different phenomena related to airborne pathogen transmission and
dispersion

A2.1. Droplet Breakup

Droplet breakup is a complex phenomenon that is investigated through different criteria, including
Kelvin-Helmholtz and Rayleigh-Taylor instability theory. As a result, the break-up of a droplet has two
criteria, including the diameter of falling/rising droplet that cannot exceed a maximum diameter without
break-up [187], and droplets with diameters smaller than a certain value should not break up [188]. In
addition, it is generally accepted that turbulent breakage is the dominant mechanism in turbulent
dispersions [189-192]. If the size of a drop (d) is larger than the maximum stable drop size (dS), then
the drop first undergoes a shape deformation and then breaks up. For the droplets that are among those

which can break up, the process is usually investigated via non-dimensional numbers.

Break-up occurs under the action of non-uniform surface forces. This is usually known as a secondary
breakup. A droplet’s reaction to non-uniform surface forces is invariably deform, and the deformation of
the droplet is resisted by viscous forces inside the droplet and the surface tension. Droplets behavior to
breakup phenomenon depends on the Weber and Ohnesorge numbers:

We = pg|Vs|*D, /o (1)

Oh = w;/\/luDpo (2)

where, pg, Vs, Dy, 0, and ; represent the gas density, the particle slip velocity, the particle diameter, the

surface tension of the droplet, and the viscosity of the liquid, respectively.

While detailed modeling of even one breakup regime is difficult, different breakup regimes have been
identified, depending on the values of these forces. The purpose of the secondary breakup models is to
predict when breakup occurs and what diameters can be resulted from it. In general, breakups are

characterized by the shape of the deforming droplets [193], as shown in Fig. A2.1.
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Fig. A2.1: Shape of particle breakdowns with respect to Weber number [193]

A2.2. Droplet Collision

While collision between solid particles [194,195] in many flow regimes such as dense fluidized beds is
the most important mechanism in terms of the momentum and energy transfer within the system
[196,197], in the two-phase flow of the respiratory droplets, the effect of particles collisions is not
considered to be significant though still needs to be included especially if computational resources are
sufficient

A2.2.1. Number of collisions

As a classical collision model, O'Rourke's [198] model calculates the droplets' collisions in a Lagrangian
frame. This model assumes that droplets or particles are distributed uniformly in the cell, and only two
particles that share the same cells may collide. The collision algorithm of O'Rourke is known as the
standard approach, which has been widely used in spray simulations and has a computational cost

proportional to the square of the number of computational particles or parcels [199].

The no-time-counter (NTC) method, mainly applied to gas dynamics simulations, has been used in cases
with varying numbers of droplets per parcel. If a cell contains “N” droplets, the expected number of

collisions in the cell over a time interval is given by summing the probability of all possible collisions:

1 N v,O-,At
Moy = Ez Z — = l] 3)
i=
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0, = m(r; +17)? 4)
where v; ; is the relative velocity between two colliding parcels, g; ; is the collision cross-section of the
two droplets, At is the time-step size, V is the cell volume, N,, is the number of parcels in a cell, and g;

is the number of droplets in the parcel. Equation 3 can be modified by pulling a constant factor outside:

vo At V; ;0
M,y = (q )max Z z 1 QJ i,jOi,j 5)
j=

The value of (qua),q, IS USed to scale the selection probability of a collision [9]. The NTC is much
faster and slightly more accurate than O'Rourke's method. The NTC considers only a sample of collision
pairs. However, it scales up the probability of collision so that each pair of collisions is more likely to be
selected. According to the STARCCM user guide [200], the computational cost of NTC is linearly
proportional to the number of particles (Np). On average, the result is similar to the modeling of a full
distribution of particles. Fig. A2.2 demonstrates a comparison between the CPU costs of the NTC
scheme and the O'Rourke's model.
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Fig. A2.2: Comparison between the computational costs of the NTC scheme [94] and the O'Rourke’s
algorithm [93]

A2.2.2 Binary collision model for liquid droplets

This model is based on binary collision and is a widely used approximation for obtaining the final
interaction between colliding droplets [121,201-206]. The model is used to estimate the positions,

velocities, and diameters of the droplets after the collisions. Furthermore, the models can assume the
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flying droplets (satellite droplets) from the ligament breakup. The binary droplet collision model is
developed based on three parameters, including the ratio of the diameters of colliding droplets (A), the
dimensionless symmetric Weber number (We) [203], and the dimensionless impact parameter used to
include how the colliding droplets hit each other::

A= @s/9, (6)
31 2 — 2
We = pl(Z)sA |VmS| + |VmL| (7)
120A(1 + A?)
fmp = —22 8
mp = Q)s + ¢L ( )

where the subscripts L and S represent the larger and smaller droplets, respectively. In addition, @ is the

droplet diameter, p; symbolizes the liquid particles’ density, o is the surface tension, and I7mL and I7m5
are the vector of the relative velocities of the mass centers of the colliding droplets. Finally, X represents

the projected distance between droplets centers in the normal direction to the relative velocity vector.
In general, Fig. A2.3 demonstrates four distinguishable collision scenarios:

1- Coalescence (C): It is the process where the two colliding droplets form a single drop. This
happens when the surface energy is relatively larger than the kinetic energy.

2- Reflexive (R): The two colliding droplets collide in the normal direction (head-on), forming a
single droplet. Here, the kinetic energy is large enough to separate again and generate satellite
droplets.

3- Stretching (S): the two drops collide tangentially. Thus, after the collision, they separate again
and generate satellite droplets.

4- Bouncing (B): no mass exchanging occurs after a collision of two droplets, and they may remain
separated after the collision.
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Fig. A2.3: Different scenarios of droplet collisions (Map: Coalescence (C), Reflexive (R),
Stretching (S), and Bouncing (B)). [207]

’L

A2.3. Droplet Evaporation

Respiratory droplets are usually either pure water droplets or non-evaporative nuclei (such as viruses or
mucus) covered with an evaporative surface. Thus, after being released from a bio-source, their water-
based outer crusts start to evaporate. The final size, mass, and consequently the airborne behavior of the
remaining (non-evaporative) parts of the droplets depend on evaporation. Small droplets tend to
evaporate very quickly [14, 96]. Wei and Li [208] employed the following equation for modeling an

evaporation process:

©)

dm, _ 2nPd,M,,DCr Sh In (P - va)
dt RT,, P—Pu
where P is total pressure, d,, denotes particle diameter, M,, is the molecular weight of water vapor, D,
is the binary diffusion coefficient far from the droplet, C+ is the correctional factor, R is the universal
gas constant, T, is the temperature, P, the vapor pressure at the droplet surface, and B, is the vapor
pressure distant from it. Sh denotes the Sherwood number and accounts for the enhanced mass transfer

rate by convective effect and is defined as:
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Sh =1+ 0.38Re%55c03334 (10)
where Sc is the Schmidt number of the continuous phase, and is defined as the ratio of momentum
diffusivity (kinematic viscosity) and mass diffusivity, and is used to characterize fluid flows in which

there are simultaneous momentum and mass diffusion convection processes.

The Cr is calculated as:
T — Tp 2—21

R

(11)

A (a constant between 1.6 and 2.0) is the correction factor due to the diffusion-coefficient temperature

dependency.
Finally, the equation of heat transfer through the droplet surface can be explained as:
arT, To—T, dm
(mp,lCl + mP,SCS) d_tp = nd?’Kg 5 Nu + Lv d_tp (12)

where m,, ¢ and m,,; are the solid and liquid mass of the particle, Nu is the Nusselt number as given by
Nu=1+0.36Re”® Pr°®, ¢, and C; are the specific heat transfer of pure water, and 1000 J/(kg.K), K, is the

thermal conductivity of air, and L,, is the latent heat of vaporization.

Redrow et al. [137] presented a modified evaporation model for multi-component droplets to simulate
the behaviors of the viral-laden sputum droplets. This model included the effects of droplet velocity,
ambient humidity, and temperature, as well as chemical components and surface tension. Consequently,

the rate of change of droplet radius can be estimated by:

dr, D,M,,P 1,0,y
_p — v wi sat .4 _ YLl
™ T oRT, {RH T 5P A+B-C Z M, } (13)
L
Coefficients A, B, and C are defined as:
L,M,, ( 1) )
= - = 14-a
RT, \1+6 (14-2)
2M,, 0,
B=——F— 14-b
RT,(1 + &)rpy, (14-b)
3
C = My pNTN (14-c)

G

where § = ?— 1. I;, 0;, and y; are the number of ions into which a solute molecule dissociates, the

a

practical osmotic coefficient, and the mass fraction of constituent i, respectively. In addition, subscript N
refers to the dry particle, and ¢ is the surface tension. RH is the relative humidity and Pg,; is the

saturation vapor pressure given by:
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17.502T, )
(15)

240.97 + T,
In a more recent study by Li et al. [136], an evaporation model is introduced as a function of diffusion

Pgqr = 6.1121(1.0007 + 3.46 X 10_6P)exp<

mechanism and the mass transfer rate calculated through the below equation:

dmy _ _a posee
dr PRl

The evaporation of water in a droplet is controlled by the equilibrium vapor pressure at the droplet

1-Xp6
1- Xv,mix

d,D,Sh (P_P""’) (16)
TPy \"p —p,

surface relative to the ambient pressure. By considering the effect of non-volatile part dispensable, the
equilibrium vapor pressure at the droplet surface, P, ,,, is calculated as:

12.430—

4233.7 )
Pv,p = Fscale €

Tq+-31.737

17)

where Pg.,;.=1.0 bar. The evaporation model of Eq. (15) was also exploited by Yan et al. in 2019 to
study the influence of the thermal aspect of a human body on the transient dispersion of cough droplets
considering evaporation [6].
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